Flowering times are well-documented indicators of the ecological effects of climate change and are linked to numerous ecosystem processes and trophic interactions. Dozens of studies have shown that flowering times for many springflowering plants have become earlier as a result of recent climate change, but it is uncertain if flowering times will continue to advance as temperatures rise. Here, we used long-term flowering records initiated by Henry David Thoreau in 1852 and Aldo Leopold in 1935 to investigate this question. Our analyses demonstrate that record-breaking spring temperatures in 2010 and 2012 in Massachusetts, USA, and 2012 in Wisconsin, USA, resulted in the earliest flowering times in recorded history for dozens of spring-flowering plants of the eastern United States. These dramatic advances in spring flowering were successfully predicted by historical relationships between flowering and spring temperature spanning up to 161 years of ecological change. These results demonstrate that numerous temperate plant species have yet to show obvious signs of physiological constraints on phenological advancement in the face of climate change.
Introduction
The sensitivity of flowering times to temperature has proven valuable for investigating the impacts of climate change on plants [1] - [3] . Plant phenology appears to have largely kept pace with warmer temperatures, with numerous species flowering earlier now than in the past. However, recent years have seen recordbreaking spring temperatures that are well outside the realm of historical trends [4], [5] . Although flowering dates for many responsive species have greatly advanced with warmer temperatures, at some point plants may no longer flower earlier in response to warming due to photoperiod constraints or unmet winter chilling requirements [6] - [8] . Extreme weather events such as those observed in the eastern United States in 2010 and 2012 provide opportunities to determine if historical phenological responses to rising temperatures are maintained under novel conditions presented by very recent climate change.
Changes in plant phenology have broad implications at the ecosystem level. Flowering and leafing out times signal the start of the growing season, and altered phenology influences associated ecosystem processes such as nutrient cycling and carbon sequestration [9] , [10] . Interactions with herbivores, pollinators, and other ecological associates may be compromised and lead to ecological mismatches [11] - [15] . Also, advanced spring phenology, followed by late frost events, can damage flowers and young leaves, which has negative impacts on plant growth and fruit development [16] - [18] . Finally, warmer temperatures can also expose plants to drought, resulting in decreased reproductive success [19] .
Two of the best-known American environmental writers initiated extensive phenological observations of flowering times in the eastern United States that encompass 161 years of ecological change. From 1852-1858, Henry David Thoreau, author of Walden [20] , observed flowering times in Concord, Massachusetts, USA. And from 1935-1945, Aldo Leopold, author of A Sand County Almanac [21] , recorded flowering times in Dane County, Wisconsin, USA and near the site of his ''Shack'' in adjacent Sauk County [4] . Several recent re-surveys at these locations [22] - [25] , nearly 1500km apart, indicate that many spring-flowering plants now flower much earlier than in the past. This trend appears to be attributable to especially warmer spring (March, April, May) temperatures [25] - [27] . In 2010 and 2012 in Massachusetts [5] , and 2012 in Wisconsin [4], spring temperatures were the warmest on record. These long-term datasets thus provide a rare opportunity to investigate if historical relationships between flowering times and spring temperatures apply during these record-breaking years. These observational data are especially timely because recent meta-analyses of flowering phenology [28] have documented that controlled warming experiments greatly under-predict flowering phenology when compared with their responses in natural settings. Thus, historical phenological data, such as those initiated by Thoreau and Leopold, are critical to understanding plant responses to current and future warming, and to test whether increasing temperatures may result in continued earlier flowering.
Results and Discussion
In Concord, Massachusetts, 32 spring flowering native plant species representing a broad phylogenetic diversity were chosen because they were observed in nearly all of the following 29 years: 1852-1858, 1878, 1888-1902, 2004-2006 and 2008-2012 [24] ( Fig. 1a ; Table 1 , and phylogenetic relationships in Figures S1a and S1b). From 1852-1858, when mean spring temperature in the region was 5.5uC, mean first flowering date for these species was 15 May. By 1878-1902 their mean first flowering date had shifted five days earlier to 10 May, when mean spring temperature was 6.3uC. During the past nine years mean first flowering has shifted to 4 May, 11 days earlier than in Thoreau's time and during a period in which mean spring temperature has risen to 8.8uC. Warming in the greater Boston area, which includes Concord, has been attributed to both global warming and the urban heat island [29] . Within the past decade, two years have been record breakers in this region: mean spring temperature in 2010 was the warmest ever recorded at 11.0uC, during which time plants had a mean flowering date of 24 April; and 2012 was the second warmest spring on record at 10.7uC, during which time plants had a mean flowering date of 25 April. In these two years, plants flowered three weeks earlier (i.e., 21 and 20 days in 2010 and 2012, respectively) than when Thoreau observed them in Concord.
Numerous species in Massachusetts have shown remarkable shifts in flowering times in recent years [27] , [30] . In 2010, 13 of the 32 species we analyzed had their earliest flowering date on record. In 2012, a different 14 species had their earliest recorded flowering date. Thoreau, for example, observed highbush blueberry (Vaccinium corymbosum) flowering in mid-May (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . In 2012 this species flowered on 1 April, six weeks earlier than observed by Thoreau. Based on our linear regression analysis of these historical phenology and temperature data, plant species flower on average 3.2 days earlier for each 1uC rise in mean spring temperatures (Figure 2a , p,0.001, R 2 = 0.75). Twenty-seven of these 32 species exhibit significantly (p,0.05) earlier flowering times with spring temperatures (Table 1) . Our results are robust to phylogenetic relationships: when phylogeny was incorporated into a generalized least squares analysis of phenological response to spring temperature, the results remained highly significant (P,0.01).
In south-central Wisconsin, 23 phylogenetically diverse springflowering native plant species have been monitored in each of the following 47 years: 1935-1945 and 1977-2012 (Fig. 1b ; Table 1 , and phylogenetic relationships in Figures S1a and S1b). During this time, Wisconsin's spring temperatures have warmed dramatically as a result of climate change [31] . During 1935-1945, when mean spring temperature was 7.5uC, the mean flowering date was 7 May. During the most recent 11-year period (2002-2012), when mean spring temperature was 9.3uC, the mean flowering date advanced by 7 days to 1 May. The mean spring temperature in 2012 was 12.2uC, the warmest on record and substantially warmer than the previous high of 11.3uC in 1977. In 2012, mean flowering was 13 April, the earliest date ever recorded, and over 3 weeks earlier (i.e., 24 days) than mean flowering in Leopold's years.
Most species in Wisconsin showed dramatic shifts in their flowering dates during this time. (Table 1) . As in Massachusetts, our results were robust to phylogenetic relationships (P,0.05).
Given the significant relationship between mean spring temperatures and mean first flowering dates, the recent recordbreaking warm springs of 2010 and 2012 in Massachusetts and 2012 in Wisconsin provide an opportunity to test whether historical relationships predict mean flowering dates during these exceptionally warm years. Based on regression analyses of pre-2010 data (Massachusetts) and pre-2012 data (Wisconsin), the mean observed first flowering dates for the focal species during 2010 and 2012 fell within the 95% prediction intervals at each location ( Figure 2 ) [32] . These prediction intervals [30] are estimates of the range of dates within which 2010 and 2012 observations of mean first flowering date are expected to fall, within a 95% probability. Results for individual species were also similar ( Table 1) These results collectively demonstrate that despite recordbreaking warm temperatures in the eastern United States, plants have continued to flower earlier in the face of recent dramatic climate change. While other studies have examined long-term observations with comparable rates of phenological advancement [2] , [3] , [33] , [34] , to our knowledge ours is the first to demonstrate the predictive power of such data under unprecedented warm temperatures. In contrast to our results, there is increasing discussion in the literature [6] - [8] that flowering, leaf out, and growth could be delayed for temperate plants that have not experienced lengthened spring photoperiods or extended cool temperatures that satisfy their winter chilling requirements. A delay in phenology caused by insufficient chilling is most likely to be observed first in warm temperate latitudes where winter temperatures are barely adequate for fulfilling chilling requirements for some species [8] , [35] . Another scenario is highlighted in a recent study [7] suggesting that individual species thought to be unresponsive to spring temperature were actually responding to both an unsatisfied chilling requirement and warmer spring temperatures resulting in no net change in flowering phenology. Based on our results, there is no indication that the 47 spring flowering plants we studied are delayed in their flowering by insufficient photoperiod or winter chilling requirements. These plants continue to flower earlier apparently in direct response to increasingly warmer mean spring temperatures (R 2 values = 0.75-0.88). Other climatic factors such as late winter temperatures or spring minimum temperatures may exert some effects, but we did not detect them here. This strongly suggests that most of these plants have not yet reached a physiological threshold.
By extension, because flowering and leaf-out times are highly correlated for many species [36] , [37] , we hypothesize that yet earlier flowering times, and potentially leaf out times, will continue to be observed in the face of predicted climate change. In contrast to a number of phenological studies showing nonlinear relationships between phenology and temperature, due largely to unmet chilling and photoperiod requirements, our findings demonstrate the relationship to be linear and to explain most of the variation in flowering. It is possible of course, that these observations are within a fairly linear portion of a relationship that will prove to be nonlinear with future climate change [38] [39] . As temperatures continue to rise in the northeastern United States this linearity of the relationship of flowering time to temperature will be tested. Importantly, on-going ecological monitoring initiated by Thoreau and Leopold will help to clarify the complexities of this system under future change, and to illuminate plant phenological responses in experimental warming plots and under greenhouse conditions. This dataset includes all species that met these criteria, while nonnative species, species with few observations and summerflowering species were not included in this analysis (Table 1) . These data are available on the Primack Lab website (people. Hollow (43u129120N,  89u459060W) . Twenty-three spring-flowering native species were chosen from a list of 176, for which observations of first flowering had been made in every year. These data are available by contacting SAT. Permits and approvals were not necessary for the private lands where observations were made in Wisconsin, or for public property of the University of Wisconsin Arboretum. None of the Wisconsin species observed in this study have protective status, and no destructive sampling was conducted. Mean spring temperatures for the south-central Wisconsin climatic region, which includes our study sites, were obtained from the Wisconsin State Climatology Office (http://www.aos.wisc.edu/,sco/climhistory/division/data/temp/WI-08-TEMP.xls).
Materials and Methods

Phenological and climate data
1. List of plant species monitored at each location, along with their phenological responses to temperature (for years prior to 2010 for
Statistical analysis and phylogenetic methods
Mean annual temperatures for those months that best predict spring flowering times were used in this analysis (i.e., March, April and May). April and May are the predominant flowering months for these species, and the inclusion of March temperatures strengthened the model. Mean temperatures for this time period provided the strongest model, owing to the fact that plants are accumulating heat and beginning spring growth. While certain studies have shown that the inclusion of winter months improves the relationship between flowering and temperature [41] , we did not find that to be the case with this data set. For example, the model of flowering in Concord using only mean monthly April and May temperatures provided a strong model (R 2 = 0.70), yet including May temperatures explained an even larger amount of variation (R 2 = 0.75). Adding mean February temperature weakened this relationship (R 2 = 0.71); using mean monthly temperatures from January through May weakened this relationship further (R 2 = 0.64). We performed all analyses in R 2.15.1 [42] . We calculated linear regressions (mean first flowering date for all species over time as well as mean first flowering date for each species versus mean spring temperature) for all years at both study sites, respectively.
We used mean spring temperature rather than another index of spring (e.g., growing degree days) due to the ease of calculating, displaying, and explaining this variable. Also, this simple measure of spring temperature explained most of the variation in flowering times. To test the linearity of the relationship between temperature and flowering time, we analyzed the residuals of this relationship and found them to be well scattered in a random pattern. This indicates that the relationship is consistent and that flowering is not earlier or later over time other than expected relative to temperature.
We also performed statistical comparisons to account for phylogenetic non-independence. Two highly resolved dated phylogenies were produced for each of the two sites to accomplish this goal (see Text S1 and Figures S1a and S1b). We did not conduct a multiple model regression test, but have previously shown in such an analysis using the Concord data that phenological response and abundance change is most strongly tied to changes in temperature [26] . All phylogenies and data matrices are available on TreeBase. Traits at both locations did not exhibit phylogenetic conservation as determined by Blomberg's K in the picante package version 1.4-2 (K,1.00) [43] . This indicates that the patterns we observed are not caused by groups of related species possessing similar traits. Trait correlations as above were tested using a phylogenetic general linear model as implemented using the pgls function in the caper package version 0.5. This model includes a variance-covariance structure based on evolutionary distance to control for phylogenetic non-independence in the data [44] .
To determine prediction intervals that excluded recent recordbreaking warm years, we recalculated linear regressions using only pre-2010 observations (for Massachusetts) and pre-2012 observations (for Wisconsin). Then, we calculated the 95% prediction intervals for mean first flowering dates for all species and flowering dates for each species for Massachusetts (separately for 2010 and 2012, using only pre-2010 observations) and Wisconsin (for 2012), based on the observed mean spring temperatures for those recordbreaking warm years [32] . We then compared the observed mean first flowering dates for all species and flowering dates for each species in 2010 and 2012 (in Massachusetts) and 2012 (in Wisconsin) with those predictions.
Eight species were common to both sites and allow us to compare their responses to temperature (Table 1 ). An analysis of covariance (ANCOVA) was used to determine if location influenced how first flowering dates varied over time and in response to temperature. We then tested whether the regression lines of the relationship between year and first flowering date were the same between the two locations. This was repeated for the relationship between temperature and first flowering date for these common species. Mean flowering times varied over years in a similar way at both locations (ANCOVA F 1, 75 = 2.6, p = 0.427). However, their responses to temperature differed between locations (ANCOVA F 1, 75 = 69.1, p,0.001). The contrasting responses to temperature may be related to multiple factors, including local adaptation to temperature and other related climate variables, or sampling issues including changes in species' abundance at each location [45] , [46] . Future observational studies and transplant experiments of these species will help us to better understand these differences.
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